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(54) A combustion cliamber and a method of operation thereof 



(57) A gas turbine engine (10) combustion cliamber 
(28) comprises a primary combustion zone (36) and a 
secondary combustion zone(40) in which lean mixtures 
of fuel and air are bu med. Air is supplied to a first mixing 
duct (50) through a swirler (52). Air is supplied to an ad- 
ditional mixing duct (58) through a swirler (54) and hy- 
drocarbon fuel is supplied to the additional mixing duct 

(58) through a swirler (66). The hydrocarbon fuel and 
air is mixed and reacted in a catalytic partial oxidation 
reactibh lofTe (60)~which produces a product gas com- 



prising a mixture of hydrogen, carbon monoxide, carbon 
dioxide, water and unreacted hydrocarbon fuel. Addi- 
tional hydrocarbon fuel Is supplied from apertures (72) 
and is mixed with the product gas in a mixing chamber 
(68) and this mixture is supplied to the first mixing duct 
(50) and mixes with the air. The first mixing duct (50) 
supplies a lean mixture of fuel into the primary combus- 
tion zone (36). The arrangement enables the combus- 
tion chamber (28) to operate with more stability or at 
leaner fuel to air ratios. 
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Description 

[0001] The present invention relates generally to a 
combustion chamber and to a method of operating a 
combustion chamber, particularly to a gas turbine en- 
gine combustion chamber 

[0002] In order to meet the emission level require- 
ments, for industrial low emission gas turbine engines, 
staged combustion is required in order to minimise the 
quantity of the oxides of nitrogen (NOx) produced. The 
current emission level requirement, in some countries, 
is for less than 25 volumetric parts per million of NOx for 
an industrial gas turbine exhaust. One fundamental way 
to reduce emissions of nitrogen oxides is to reduce the 
combustion reaction temperature, and this requires 
premixing of the fuel and the combustion air before com- 
bustion occurs. The oxides of nitrogen (NOx) are com- 
monly reduced by a method which uses two stages of 
fuel injection. Our UK patent no. GB1489339 discloses 
two stages of fuel injection. Our International patent ap- 
plication no. WO92/07221 discloses two and three stag- 
es of fuel injection. In staged combustion, all the stages 
of combustion seel^ to provide lean combustion and 
hence the low combustion temperatures required to 
minimise NOx. The term lean combustion means com- 
bustion of fuel in air where the fuel to air ratio is low, i. 
e. less than the stoichiometric ratio. In order to achieve 
the required low emissions of NOx and CO it is essential 
to mix the fuel and air uniformly 
[0003] The Industrial gas turbine engine disclosed in 
our International patent application no. WO92/07221 
uses a plurality of tubular combustion chambers, whose 
axes are arranged in generally radial directions. The in- 
lets of the tubular combustion chambers are at their ra- 
dially outer ends and transition ducts connect the outlets 
of the tubular combustion chambers with a row of nozzle 
guide vanes to discharge the hot gases axially into the 
turbine sections of the gas turbine engine. Each of the 
tubular combustion chambers has two coaxial radial 
flow swirlers which supply a mixture of fuel and air into 
a primary combustion zone. An annular secondary fuel 
and air mixing duct surrounds the primary combustion 
zone and supplies a mixture of fuel and air into a sec- 
ondary combustion zone. 

[0004] One problem associated with gas turbine en- 
gines is caused by pressure fluctuations in the air, or 
gas, flow through the gas turbine engine. Pressure fluc- 
tuations in the air, or gas, flow through the gas turbine 
engine nrey lead to severe damage, or failure, of com- 
ponents if the frequency of the pressure fluctuations co- 
incides with the natural frequency of a vibration mode 
of one or more of the components. These pressure fluc- 
tuatbns may be amplified by the combustion process 
and under adverse conditions a resonant frequency 
may achieve sufficient amplitude to cause severe dam- 
age to the combustion chamber and the gas turbine en- 
gine. 

[0005] It has been found that gas turbine engines 



which have lean combustion are particularly susceptible 
to this problem. Furthermore it has been found that as 
gas turbine engines which have lean combustion reduce 
emissions to lower levels by achieving more uniform 

s mixing of the fuel and air, the amplitude of the resonant 
frequency becomes greater It is believed that the am- 
plification of the pressure fluctuations in the combustion 
chamber occurs because there is instability in the com- 
bustion process, there is a resonant cavity and the heat 

10 released by the burning of the fuel occurs at a position 
in the combustion chamber which corresponds to an an- 
tinode, or pressure peak, in the pressure fluctuations. 
[0006] It is also known to provide gas turbine engine 
combustion chambers which have a plurality of catalytic 

IS reaction zones arranged in series to minimise nitrous 
oxide (NOx) emissions. One known arrangement is de- 
scribed in our European patent application 
EP0805309A, published 5 November 1997. In this ar- 
rangement a pilot injector is provided to burn some of 

20 the fuel to preheat a first catalytic reaction zone to its 
operating temperature. A main injector is positioned up- 
stream of the first catalytic reaction zone to supply fuel 
to the first catalytic reaction zone. The second and sub- 
sequent catalytic reaction zones receive unburned fuel 

25 from the first catalytic reaction zone. 

[0007] A problem with this arrangement is that it does 
not fit into the space available, and it requires staged 
fuelling between the catalytic reaction zones. 
[0008] It is also known to provide gas turbine engine 

30 combustion chambers which have staged combustion 
using combustion of lean fuel and air mixtures in a cat- 
alytic reaction zone downstream of the last staged com- 
bustion zone and a homogeneous combustion zone 
downstream of the catalytic reaction zone to further re- 

35 duce emissions of NOx. One known arrangement is de- 
scribed in our European patent application no. 
EP0810405A, published 3 December 1997. 
[0009] It is also known to provide catalytic partial ox- 
idation in which a hydrocarbon fuel is mixed with air so 

40 that rich combustion occurs in contact with a catalyst to 
form a product gas which comprises a mixture of hydro- 
gen, carbon monoxide, water, carbon dioxide and unre- 
acted hydrocarbon fuel. The hydrocarbon fuel is burned 
with insufficient amounts of oxygen, for complete oxida- 

45 tion, such that It is only partially oxidised. The term rich 
combustion means combustion of fuel in air where the 
fuel to air ratio is high, i.e. greater than the stoichiometric 
ratio for complete oxidation. International patent appli- 
cation no. WO92/20963, published 26 November 1 992 

so describes a combustion system for a gas turbine where 
all the fuel is supplied to a catalytic partial oxidation re- 
action zone, the product gas of the catalytic partial oxi- 
dation reaction zone are mixed with air and supplied to 
a primary combustion zone and finally the products of 

55 the primary combustion zone are mixed with air and sup- 
plied to a secondary combustion zone. This arrange- 
ment reduces NOx emissions. 
[001 0] Accordingly the present invent ion seeks to pro- 
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vide a combustion chamber which operates with lean 
combustion and which operates with greater stability. 
[0011] Accordingly the present inventbn provides a 
combustion chamber comprising at least one combus- 
tion zone defined by at least one peripheral wall, at least 
one first fuel and air mixing duct for supplying fuel and 
air respectively into the at least one combustion zone, 
meahs to supply air into the at least one first fuel and air 
mixing duct, at least one catalytic partial oxidation reac- 
tion zone, at least one additional fuel and air mixing duct 
for supplying fuel and air respectively into the at least 
one catalytic partial oxidation reaction zone, means to 
supply fuel and air into the at least one additional fuel 
and air mixing duct, the at least one catalytic partial ox- 
idation reaction zone being arranged to produce a prod- 
uct gas comprising a mixture of hydrogen, carbon mon- 
oxide, water, carbon dioxide and unreactedfuei, means 
to supply additional fuel into the product gas produced 
by the at least one catalytic partial oxidation reaction 
zone, means to mix the additional fuel and the product 
gas produced by the at least one catalytic partial oxida- 
tion reaction zone, and means to supply the product gas 
and additional fuel into the at least one first fuel and air 
mixing duct such that the product gas and additional fuel 
mix with the air In the first fuel and air mixing duct before 
being supplied into the at least one combustion zone. 
[0012] Preferably the combustion chamber compris- 
es a primary combustion zone and a secondary com- 
bustion zone downstream of the primary combustion 
zone. 

[0013] Preferably the at least one first fuel and air mix- 
ing duct is arranged to supply fuel and air into the pri- 
mary combustion zone, and at least one second fuel and 
air mixing duct is arranged to supply fuel and air respec- 
tively to the secondary combustion zone. 
[0014] Preferably the combustion chamber compris- 
es a tertiary combustion chamber downstream of the 
secondary combustion zone. 

[0015] Preferably at least one third fuel and air mixing 
duct is arranged to supply fuel and air to the tertiary com- 
bustion zone. 

[0016] Preferably an air duct supplies air to the at least 
one first fuel and air mixing duct, the air duct having 
means to swiri the air 

[001 7] Preferably the means to swirl the air comprises 
a radial flow swirler. 

[0018] Preferably the at least one additional fuel and 
air mixing duct comprises an upstream end, means to 
supply air into the upstream end of the additbnal fuel 
and air mixing duct, the means to supply air into the at 
least one additional fuel and air mixing duct comprises 
means to swirl the air, means to supply fuel into the up- 
stream end of the additional fuel and air mixing duct, the 
means to supply fuel into the at least one additional fuel 
and air mixing duct comprises means to swirl the fuel. 
[0019] Preferably the means to swirl the air comprises 
a radial flow swirler and the means to swiri the fuel com- 
prises a radial flow swirler. 
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[0020] Preferably the means to swirl the air and the 
means to swirl the fuel are arranged to swiri the air and 
. fuel in opposite directions. 
[0021] Preferably the means to mix the product gas 

5 produced by the catalytic partial oxidation reaction zone 
and the additional fuel comprises means to swirl the ad- 
ditional fuel into the product gas and a duct intercon- 
necting with the first fuel and air mixing duct. 
[0022] Preferably the combustion chamber is a tubu- 

10 lar combustion chamber Preferably the first fuel and air 
mixing duct is annular. Preferably the additional fuel and 
air mixing duct is annular. Preferably the catalytic partial 
oxidation reaction zone Is annular. Preferably the means 
to supply the mixture of product gas and additional fuel 

IS Into the at least one first fuel and air mixing duct com- 
prises an annular duct. 

[0023] Preferably the additional fuel and air mixing 
duct is arranged to supply the fuel and air in an axially 
upstream direction to the catalytic partial oxidation re- 

20 action zone, and the means to supply the mixture of 
product gas and additional fuel is arranged to supply the 
product gas and additional fuel in an axially downstream 
direction to the first fuel and air mixing duct. 
[0024] The present invention also provides a method 

25 of operating a combustion chamber comprising mixing 
a hydrocarbon fuel with air to produce a rich mixture of 
hydrocartx>n fuel and air, supplying the rich mixture of 
hydr6cartK>n fuel and air to a catalytic partial oxidation 
reaction zone, reacting the hydrocarbon fuel in the cat- 

30 alytic partial oxidation reaction zone to produce a prod- 
uct gas comprising hydrogen, carbon monoxide, carbon 
dioxide, water and unreacted hydrocarbon fuel, mixing 
the product gas with additional hydrocarbon fuel, mixing 
the mixture of product gas and additional hydrocarbon 

35 fuel with air to produce a lean mixture, supplying the lean 
mixture to a combustion zone, burning the product gas 
and additional hydrocarbon fuel in air in the combustion 
zone, 

[0025] Preferably the method comprises supplying 

^ the products of the combustion zone into a further com- 
bustion zone, mixing hydrocarbon fuel with air to pro- 
duce a lean mixture, supplying the lean mixture to the 
further combustion zone, and burning the hydrocarbon 
fuel in air in the further combustion zone. 

45 The mixture of product gas and additional hydrocarbon 
fuel may comprise up to 25vol% hydrogen. 
[0026] The high flammability of the hydrogen rich fuel 
enables more stable combustion of the premixed lean 
fuel and air mixture therefore potentially reducing the 

50 combustion generating noise. The hydrogen rich fuel 
enables stable combustion with leaner mixtures of fuel 
and air than conventional premixed lean combustion 
and therefore allows the peak combustion tertiperature 
and hence the emissions of NQx to be reduced. The hy- 

55 drogen rich fuel also enables the carbon monoxide 
emissions to be reduced when operating at part powers. 
The proportion of fuel supplied to the catalytic partial ox- 
idation reaction zone and the additional fuel supplied to 
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the products of catalytic partial oxidation reaction zone 
may be varied to vary the hydrogen content in the fuel. 
Th is may provide an additional control parameter to con- 
trol vibrations, or noise, of the combustion chamber and 
NOx emissions. 

[0027] The present invention will be more fully de- 
scribed by way of example with reference to the accom- 
panying drawing, in which: 

[0028] Figure 1 is a view of a gas turbine engine hav- 
ing a combustion chamber according to the present in- 
vention. 

[0029] Figure 2 is an enlarged longitudinal cross-sec- 
tional view through the combustion chamber shown in 
figure 1 . 

[0030] Figure 3 is a view of another gas turbine engine 

having a combustion chamber according to the present 
invention, and 

[0031 ] Figure 4 is an enlarged longitudinal cross-sec- 
tional view through the combustion chamber shown in 
figure 3. 

[0032] An industrial gas turbine engine 10, shown in 
figure 1 , comprises In axial flow series an inlet 1 2, a com- 
pressor section 14, a combustion chamber assembly 
16, a turbine section 1 6, a power turbine section 20 and 
an exhaust 22. The turbine section 18 is arranged to 
drive the compressor section 1 4 via one or more shafts 
(not shown). The power turbine section 20 is arranged 
to drive an electrical generator 26 via a shaft 24. How- 
ever, the power turbine section 20 may be arranged to 
provide drive for other purposes. The operation of the 
gas turbine engine is quite conventional and will not be 
discussed further. 

[0033] The combustion chamber assembly 16 is 
shown more clearly in figure 2. The combustion cham- 
ber assembly 16 comprises a plurality of, for example 
nine, equally circumferentially spaced tubular combus- 
tion chambers 28. The axes of the tubular combustion 
chambers 28 are arranged to extend in generally radial 
directions. The inlets of the tubular combustion cham- 
bers 28 are at their radially outermost ends and their 
outlet are at their radially innermost ends. 
[0034] Each of the tubular combustion chambers 28 
comprises an upstream wall 30 secured to the upstream 
end of an annular wall 32. A first, upstream, portion 34 
of the annular wall 32 defines a primary combustion 
zone 36, a second, downstream, portion 38 of the an- 
nular wall 32 defines a secondary combustion zone 40. 
The downstream end of the first portion 34 has a frus- 
toconical portion 42 which reduces in diameter to a 
throat 44. The second portion 38 of the annular wall 32 
has a greater diameter than the first portion 34. A frus- 
toconical portion 46 interconnects the throat 44 with the 
upstream end of the second portion 38 of the annular 
wall 32. 

[0035] The upstream wall 30 of each tubular combus- 
tion chamber 28 has an aperture 48 to allow the supply 
of air and fuel into the primary combustion zone 36. A 
first fuel and air mixing duct 50 is arranged to supply a 
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mixture of fuel and air through the aperture 48 into the 
primary combustion zone 36. 

[0036] A first radial flow swirler 52 is arranged coaxi- 
aliy with the aperture 48 in the upstream wall 30 and a 

5 second radial flow swirler 54 is arranged coaxially with 
the aperture 48 in the upstream wall 30. The first radial 
flow swirler 52 is positioned axially downstream, with re- 
spect to the axis of the tubular combustion chamber 28, 
of the second radial flow swirler 54. The first radial flow 

10 swirler 52 and the second radial flow swirler 54 comprise 
a number of swirl vanes 53 and 55 respectively which 
are connected to and are separated by a common split- 
ter 56. The first radial flow swirler 52 is arranged to sup- 
ply air into the first fuel and air mixing duct 50. The first 

IS radial flow swirler 52 and the second radial flow swirler 
54 are arranged such that they swirl the air in opposite 
directions. 

[0037] The second radial flow swirler 54 is arranged 
to supply fuel into an additional fuel and air mixing duct 
20 58. The additional fuel and air mixing duct 58 is arranged 

to supply a mixture of fuel and air to a catalytic partial 
oxidation reaction zone 60, 

[0038] The catalytic partial oxidation reaction zone 60 
is arranged coaxially with the axis of the tubular com- 

25 bustion chamber 28. The catalytic partial oxidation re- 
action zone 60 comprises a honeycomb structure suit- 
able which is catalyst coated or comprises a catalyst, 
for example the catalytic partial oxidation zone may 
comprise a catalyst coated ceramic honeycomb nriono- 

30 lith or a catalyst coated metallic honeycomb, or a ce- 
ramic honeycomb monolith containing catalyst. The 
honeycomb structure of the catalytic partial oxidation re- 
action zone comprises a plurality of passages separated 
by catalyst coated walls and is not limited to honeycomb 

35 structures. The catalyst may be platinum, palladium, 
rhodium, nickel, iron, cobalt or a mixture of any two or 
more of these or any other catalyst suitable for promot- 
ing partial oxidation. 

[0039] A fuel pipe 62 is arranged to supply fuel to an 

40 annular fuel manifold 64 arranged coaxially with the axis 
of the tubular combustion chamber 28. The annular fuel 
manifold 64 is arranged to supply fuel into the additional 
fuel and air mixing duct 58 through a radial flow swirler 
66. The radial flow swirlers 56 and 66 are arranged to 

^ swirl the air and fuel in opposite directions. The catalytic 
partial oxidation reaction zone is interconnected to an 
annular mixing chamber 68. A pipe 70 is arranged to 
supply additional fuel through apertures 72 into the an- 
nular mixing chamber 68. The additbnal fuel and the 

so reaction products from the catalytic partial oxidation re- 
action zone 60 are mixed together and an axial flow 
swirler 74 is provided to increase mixing. The additional 
fuel and reaction products from the catalytic partial oxi- 
dation reaction zone 60 are supplied to the first fuel and 

ss air mixing duct 50. 

[0040] A central pilot injector 76 is provided at the up- 
stream end of each tubular combustion chamber 28. 
Each central pilot injector 76 is arranged coaxially, with 
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and on the axis of, the respective aperture 48. Each cen- 
tral pilot injector 76 is arranged to supply fuel into the 
primary combustion zone 36. The central pilot injector 
76 extends coaxially through the catalytic partial oxida- 
tion reaction zone 60 and defines the radially inner ex- 
tremity of the annular mixing chamber 68 and also the 
radially inner extremity of the first fuel and air mixing duct 
50. The central fuel injector 76 may have a shaped sur- 
face 78 downstream of the axial flow swirier 74 and up- 
stream of the aperture 48. 

[0041] An annular secondary fuel and air mixing duct 
80 is provided for each of the tubular combustion cham- 
bers 28. Each secondary fuel and air mixing duct 80 Is 
arranged coaxially around the primary combustion zone 
36. Each of the secondary fuel and air mixing ducts 80 
is defined between a second annular wall 82 and a third 
annular wall 84. The second annular wall 82 defines the 
radially inner extremity of the secondary fuel and air mlx- 
ing duct 80 and the third annular wall 84 defines the ra- 
dially outer extremity of the secondary fuel and air mix- 
ing duct 80. An annular splitter 86 is provided in the sec- 
ondary fuel and air mixing duct 80 at the upstream end 
of the secondary fuel and air mixing duct 80. 
[0042] Each secondary fuel and air mixing duct 80 has 
a secondary air intake 88 defined axial ly between the 
upstream end of the second annular wall 82 and the up- 
stream end of the splitter 66 and between the upstream 
end of the splitter 86 and the upstream end of the third 
annular wall 84. The splitter 86 is supported from the 
second annular wall 82 and the third annular wall 84 by 
the vanes of two radial flow swirlers 90 and 92 respec- 
tively. The radial flow swirlers 90 and 92 are arranged 
to swirl the air flow through the secondary fuel and air 
mixing duct 80 in opposite directions. 
[0043] At the downstream end of each secondary fuel 
and air mixing duct 80, the second and third annular 
walls 82 and 84 respectively are secured to the frusto- 
conical portion 46 and the frustoconical portion 46 is pro- 
vided with a plurality of equi-circumferentially spaced 
apertures 94. The apertures 94 are arranged to direct 
the fuel and air mixture into the secondary combustion 
zone 40 in the tubular combustion chamber 28, in a 
downstream direction towards the axis of the tubular 
combustion chamber 28. The apertures 94 may be cir- 
cular or slots or any other suitable shape and are of 
equal flow area. 

[0044] Each secondary fuel and air mixing duct 80 re- 
duces gradually in cross-sectional area from the intake 
88 at its upstream end to the apertures 94 at its down- 
stream end. The second and third annular walls 82 and 
84 of the secondary fuel and air mixing duct 80 are 
shaped to produce an aerodynamically smooth duct. 
The shape of the secondary fuel and air mixing duct 80 
therefore produces an accelerating flow through the 
duct 80 without any regions where recirculating flows 
rnay occur. 

[0045] A plurality of secondary fuel systems 96 are 
provided, to supply fuel to the secondary fuel and air 



mixing duct 80 of each of the tubular combustion cham- 
bers 28. The secondary fuel system 96 for each tubular 
combustion chamber 28 comprises an annular second- 
ary fuel manifold 98 arranged coaxially with the tubular 

s combustion chamber 28 within the third annular wall 84. 
Each secondary fuel manifold 98 has a plurality of ap- 
ertures 100 to direct the fuel substantially radially in- 
wardly into the secondary fuel and air mixing duct 80, 
more specifically the apertures 100 direct the fuel to the 

10 passage BOB defined between the splitter 86 and the 
third annular wall 84 downstream of the radial flow swiri- 
er 92. The secondary fuel manifold 98 is supplied with 
fuel by a fuel pipe 102. 

[0046] A plurality of transition ducts 1 04 are provided 

fS in the combustion chamber assembly 16, and the up- 
stream end of each transition duct has a circular cross- 
section. The upstream end of each transition duct 104 
is located coaxially with the downstream end of a corre- 
sponding one of the tubular combustion chambers 28, 

20 and each of the transition ducts 1 04 connects and seals 
with an angular section of the nozzle guide vanes. The 
downstream end of each tubular combustion chamber 
28 and the upstream end of the corresponding transition 
duct 104 are located in a support structure (not shown). ^ 

25 [0047] In operation a portion of the primary, hydrocar- 
bon, fuel is supplied through pipe 62, annular fuel man- 
ifold 64 and radial flow swirier 66 into the additional fuel 
and air mixing duct 58. The primary, hydrocarbon, fuel 
mixes with, the air supplied from the radial flow swirier 

30 56 to produce a rich mixture of fuel and air, i.e. the fuel 
to air ratio is greater than the stoichiometric ratio. This 
mixture of hydrocarbon fuel and airflows from the addi- 
tional fuel and air mixing duct 58 into the catalytic partial 
oxidation reaction zone 60. The hydrocarbon fuel is par- 

35 tially oxidised by the air in the catalytic partial oxidation 
reaction zone 60 in the presence of the catalyst to pro- 
duce a reaction product gas which comprises a mixture 
of hydrogen, carbon monoxide, water, carbon dioxide 
and perhaps some unbumed hydrocarbon fuel. The 

40 mixture of hydrogen, carbon monoxide, water, carbon 
dioxide and unbumed hydrocarbon fuel then flows from 
the catalytic partial oxidation reaction zone 60 to the 
mixing chamber 68. 

[0048] Additional primary, hydrocarbon, fuel is sup- 
45 plied through pipe 70 and apertures 72 into the mixing 
chamber 68 to mix with the reaction product gas com- 
prising hydrogen, carbon monoxide, water, carbon diox- 
kie and unbumed hydrocarbon fuel, from the catalytic 
partial oxidation reaction zone 60 and results In a fuel 
50 comprising up to 25 vol% hydrogen. The additional pri- 
mary fuel also cools the hydrogen, carbon monoxide, 
water, carbon monoxide and unbumed hydrocarbon fu- 
el. The mixing process is aided by the axial flow swirier 
74. This fuel, containing up to 25vol% hydrogen, is then 
55 supplied into the first fuel and air mixing duct 50. This 
fuel is thoroughly mixed with the air supplied through the 
radial flow swirier 52 to produce a lean mixture of fuel 
and air, I.e. the fuel to air ratio Is less than the stoichio- 
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metric ratio. 

[0049] This lean mixture ot fuel and air is then sup- 
plied from the first fuel and air mixing duct 50 through 
the aperture 48 into the primary combustion zone 36. 
The fuel is then burned in the air In the primary combus- 
tion zone 36. 

[0050] The products ot combustion from the primary 
combustion zone 36 flow into the secondary combustion 
zone 40. A secondary, hydrocarbon, fuel is supplied 
through pipe 102, annular fuel manifold 98 and aper- 
tures 1 00 into the secondary fuel and air mixing duct 80. 
The fuel Is thoroughly mixed with the air supplied 
through the radial flow swiriers 90 and 92 to produce a 
lean mixture of fuel and air. The lean mixture of fuel and 
air Is then supplied from the secondary fuel and air mix- 
ing duct 80 through the apertures 94 into the secondary 
combustion zone 40. The fuel is then burned in the air 
in the secondary combustion zone 40. 
[0051] It is to be noted that the fuel and air in the ad- 
ditional fuel and air mixing duct 58 flows In an axial up- 
stream direction away from the aperture 48 in the up- 
stream wall 30 of the tubular combustion chamber 28 to 
the catalytic partial oxidation reaction zone 60. The 
products of the catalytic partial oxidation reaction zone 
60 turn through 180" in the mixing chamber 68 to flow 
in an axial downstream direction to the aperture 48 in 
the upstream wall 30 ot the tubular combustion chamber 
28. The provision of the annular catalytic partial oxida- 
tion reaction zone 60 allows this reversal of flow to occur 
axially through the space within the annular catalytic 
partial oxidation reaction zone. 
[0052] The primary fuel and secondary fuel are gen- 
erally the same hydrocarbon fuel, for example natural 
gas. 

[0053] The catalytic partial oxidation reaction zone 
may be arranged remote from the combustion chamber 
as shown In figure 3. The industrial gas turbine engine 
110, shown in figure 3, comprises In flow series an Inlet 
112, a compressor section 114, a combustion chamber 
assembly 116, a turbine section 118, a power turbine 
section 1 20 and an exhaust 1 22. The turbine section 1 1 8 
is arranged to drive the compressor section 11 4 via one 
or more shafts (not shown). The power turbine section 
120 is arranged to drive an electrical generator 126 via 
a shaft 124. However, the power turbine section 120 
may be arranged to provrde drive for other purposes. 
The operation of the gas turbine engine is quite conven- 
tional and will not be discussed further. 
[0054] The combustion chamber assembly 1 1 6 com- 
prises a plurality of combustion chambers each of which 
has a primary combustion zone and a secondary com- 
bustion zone as described with reference to figure 2. A 
catalytic partial oxidation reaction zone 128 is provided 
externally of the gas turbine engine 1 1 0. A booster com- 
pressor 1 30 is arranged between the compressor as- 
sembly 114 and the catalytic partial oxidation reaction 
zone 128 to further pressurise a portion ot the air com- 
pressed by the compressor assembly 114 to compen- 
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sate for pressure losses in the catalytic partial oxidation 
reaction zone 128. A fuel supply 1 32 supplies hydrocar- 
bon fuel to an additional fuel and air mixing duct 1 34 and 
the booster compressor 1 30 supplies air to the addition- 
5 al fuel and air mixing duct 1 34. The fuel and air is mixed 
in the additional fuel and air mixing duct 1 34 and Is sup- 
plied into the catalytic partial oxidation reaction zone 
128. 

[0055] The catalytic partial oxidation reaction zone 
10 1 28 produces a product gas comprising hydrogen, car- 
bon monoxide, carbon dioxide, water and unreacted hy- 
drocarbon fuel. The product gas is supplied into a mixing 
duct 136 and additional fuel is supplied from the fuel 
supply 1 32 to the mixing duct 1 36. The product gas and 
additional fuel is mixed in the mixing duct 1 36 and sup- 
plied to the fuel Injectors of the primary fuel and air rhix- 
Ing ducts of the combustion chambers of the combustion 
chamber assembly 116. 

[0056] The combustion chamber assembly 116 Is 

20 shown more clearly in figure 4, and comprises a plurality 
of tubular combustion chambers 1 38. Each of the tubu- 
lar combustion chambers 138 comprises an upstream 
wall 1 40 secured to the upstream end of an annular wall 
142. A first, upstream, portion 144 of the annular wall 

25 1 42 defines a primary combustion zone 1 46, a second, 
downstream, portion 1 48 of the annular wall 1 42 defines 
a secondary combustion zone 150. The downstream 
end of the first portion 144 has a frustoconical portion 
1 52 which reduces In diameter to a throat 1 54. The sec- 

30 ond portion 146 of the annular wall 142 has a greater 
diameter than the first portion 144. A frustoconical por- 
tion 1 56 interconnects the throat 1 54 with the upstream 
end of the second portion 148 of the annular wall 142. 
[0057] The upstream wall 1 40 of each tubular com- 

3S bustion chamber 1 38 has an aperture 1 58 to allow the 
supply of air and fuel into the primary combustion zone 
146. A first fuel and air mixing duct 160 is arranged to 
supply a mixture of fuel and air through the aperture 1 58 
into the primary combustion zone 1 46. 

40 [0058] A first radial flow swirler 1 62 is arranged coax- 
ially with the aperture 158 in the upstream wall 140 and 
a second radial flow swirler 164 is arranged coaxially 
with the aperture 1 58 in the upstream wall 1 40. The first 
radial flow swirler 1 62 Is positioned axially downstream, 

^ with respect to the axis of the tubular combustion cham- 
ber 1 38, of the second radial flow swirler 164. The first 
radial flow swirler 162 and the second radial flow swirler 
164 comprise a number of swirl vanes 163 and 165 re- 
spectively which are connected to and are separated by 

50 a common splitter 166. The first radial flow swirler 162 
and the second radial flow swirler 164 are arranged to 
supply air into the first fuel and air mixing duct 160. The 
first radial flow swirler 162 and the second radial flow 
swirler 164 are arranged such that they swirl the air In 

55 opposite directions. 

[0059] A plurality of fuel injectors 168 extend axially 
between the vanes 1 63 and 165 of the first and second 
radial flow swiriers 162 and 164 respectively to supply 
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fuel into the primary fuel and air mixing duct 160. The 
fuel injectors 168 are supplied with fuel by the mixing 
duct 136. 

[0060] The presence of the hydrogen In the fuel sup- 
plied to the primary combustion zone, and the fact that 
the fuel is already warm, ensures that the combustion 
process is more stable than conventional premixed lean 
burn combustion chambers. Additionally the hydrogen 
enables the fuel to air ratio to be reduced below that of 
conventional premixed lean burn combustion cham- 
bers, i.e. below the normal weak extinction limit, and 
hence reducing the maximum combustion temperature 
and NOx emissions. The more stable combustion allows 
the emissions of carbon monoxide to be reduced espe- 
cially when the power is reduced. The proportions of pri- 
mary fuel supplied to the catalytic partial oxidation reac- 
tion zone and the mixing chamber may be varied, to vary 
the proportion of hydrogen supplied to the primary com- 
bustion zone, this may further control the NOx and car- 
bon monoxide emissions. The enhanced stability may 
reduce the excitation source for the vibrations of the 
combustion chamber. 

[0061] Although the catalytic partial oxidation com- 
bustion chamber has been described as annular and ar- 
ranged coaxially with the tubular combustion chamber, 
other suitable shapes and arrangements may be used. 
Although only two stages of premixed lean burn com- 
bustion have been described, it may be possible to pro- 
vide three or more stages of premixed lean bum com- 
bustion. Although the invention has been described with 
reference to mixing the reaction products of the catalytic 
partial oxidation reaction zone with hydrocarbon fuel 
and air and then to supply this mixture to the primary 
combustion zone it is equally possible to supply this mix- 
ture to the secondary combustion zone or even a tertiary 
combustion zone. The advantage of supplying the mix- 
ture to the secondary combustion zone is that it would 
again reduce carbon monoxide. 



Claims 

1 . A combustion chamber (28) comprising at least one 
combustion zone (36,40) defined by at least one pe- 
ripheral wall (32), at least one first fuel and air mix- 
ing duct (50) for supplying fuel and air respectively 
into the at least one combustion zone (36,40), 
means (52) to supply air Into the at least one first 
fuel and air mixing duct (50), characterised by at 
least one catalytic partial oxidation reaction zone 
(60), at least one additional fuel and air mixing duct 
(58) for supplying fuel and air respectively into the 
at least one catalytic partial oxidation reaction zone 
(60), means (62,64.66,54) to supply fuel and air Into 
the at least one additional fuel and air mixing duct 
(58), the at least one catalytic partial oxidation re- 
action zone (60) being arranged to produce a prod- 
uct gas comprising a mixture of hydrogen, carbon 



monoxide, water, carbon dioxide and un reacted fu- 
el, means (70,72) to supply additional fuel into the 
product gas produced by the at least one catalytic 
partial oxidation reaction zone (60). means (68,74) 

s to mix the additional fuel and the product gas, and 
means to supply the product gas and additional fuel 
into the at least one first fuel and air mixing duct (50) 
such that the product gas and additional fuel mix 
with the air In the first fuel and air mixing duct (50) 

10 before being supplied Into the at least one combus- 
tion zone (36,40). 

2. A combustion chamber as claimed In claim 1 where- 
in the combustion chamber (28) comprises a prima- 

IS ry combustion zone (36) and a secondary combus- 
tion zone (40) downstream of the primary combus- 
tion zone (36). 

3. A combustion chamber as claimed in claim 2 where- 
20 in the at least one first fuel and air mixing duct (50) 

is arranged to supply fuel and air into the primary 
combustion zone (36), and at least one second fuel 
and air mixing duct (80) Is arranged to supply fuel 
and air respectively to the secondary combustion 
2S zone (40). 

4. A combustion chamber as claimed In claim 2 or 
claim 3 wherein the combustion chamber (28) com- 
prises a tertiary combustion zone downstream of 

30 the secondary combustbn zone (40). 

5. A combustion chamber as claimed in claim 4 where- 
in at least one third fuel and air mixing duct Is ar- 
ranged to supply fuel and air to the tertiary combus- 

35 tion zone. 

6. A combustion chamber as claimed in any of claims 
1 to 5 wherein an air duct supplies air to the at least 
one first fuel and air mixing duct (50), the air duct 

40 having means (52) to swirl the air. 

7. A combustion chamber as claimed in claim 6 where- 
in the means (52) to swirl the air comprises a radial 
flow swirler. 

45 

8. A combustion chamber as claimed in any of claims 
1 to 7 wherein the at least one additional fuel and 
air mixing duct (58) comprises an upstream end, 
means (54) to supply air into the upstream end of 

so the additional fuel and air mixing duct (58), the 
means (54) to supply air into the at least one addi- 
tional fuel and air mixing duct comprises means (58) 
to swirl the air, means (62,64,66) to supply fuel Into 
the upstream end of the additional fuel and air mix- 

ss ing duct (58), the means (62,64,66) to supply fuel 
into the at least one additional fuel and air mixing 
duct (58) comprises means (66) to swirl the fuel. 
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9. A combustion chamber as claimed in claim 8 where- 
in the means (54) to swirl the air comprises a radial 
flow swirler and the means (66) to swirl the fuel com- 
prises a radial flow swirler. 

10. A combustion chamber as claimed in claim 8 or 
claim 9 wherein the means (54) to swirl the air and 
the means (66) to swiri the fuel are arranged to swirl 
the air and fuel in opposite directions. 

11. A combustion chamber as claimed in any of claims 
1 to 10 wherein the means (68,74) to mix the prod- 
uct gas produced by the catalytic partial oxidation 
reaction zone (60) and the additional fuel comprises 
means (74) to swirl the additional fuel into the prod- 
uct gas and a duct interconnecting with the first fuel 
and air mixing duct (50). 

12. A combustion chamber as claimed in any of claims 
1 to 11 wherein the combustion chamber (28) Is a 
tubular combustion chamber. 

13. A combustion chamber as claimed in claim 12 
wherein the first fuel and air mixing duct (50) is an- 
nular. 
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(60), reacting the hydrocarbon fuel in the catalytic 
partial oxidation reaction zone (60) to produce a 
product gas comprising hydrogen, carbon monox- 
ide, carbon dioxide, water and unreacted hydrocar- 
bon fuel, mixing (68,74) the product gas with addi- 
tional hydrocarbon fuel, mixing (50) the mixture of 
product gas and additional hydrocarbon fuel with air 
to produce a lean mixture, supplying the lean mix- 
ture to a combustion zone (36), burning the product 
gas and additional hydrocarbon fuel in air in the 
combustion zone (36). 

20. A method as claimed in claim 19 comprising sup- 
plying the products of the combustion zone (36) into 
a further combustion zone (40), mixing (80) hydro- 
carbon fuel with air to produce a lean mixture, sup- 
plying the lean mixture to the further combustion 
zone (40), and burning the hydrocarbon fuel in air 
in the further combustion zone (40). 

21. A method as claimed in claim 19or claim 20 wherein 
the mixture of product gas and additional hydrocar- 
bon fuel comprises up to 25vol% hydrogen. 



2S 



14. A combustion chamber as claimed in claim 12 or 
claim 1 3 wherein the additional fuel and air mixing 
duct (58) is annular. 

15. A combustion chamber as claimed in any of claim 
12 to 14 wherein the catalytic partial oxidation re- 
actbn zone (60) is annular. 

16. A combustion chamber as claimed in any of claims 
12 to 15 wherein the means to supply the mixture 
of product gas and additional fuel into the at least 
one first fuel and air mixing duct (50) comprises an 
annular duct. 

17. A combustion chamber as claimed in any of claims 
12 to 16 wherein the additional fuel and air mixing 
duct (58) is arranged to supply the fuel and air in an 
axiaily upstream direction to the catalytic partial ox- 
idation reaction zone (60), and the means to supply 
the mixture of product gas and additional fuel Is ar- 
ranged to supply the product gas and additional fuel 
in an axiaily downstream direction to the first fuel 
and air mixing duct (50). 

18. A gas turbine engine comprising a combustion 
chamber as claimed in any of claims 1 to 18. 

19. A method of operating a combustion chamber (28) 
comprising mixing (58) a hydrocarbon fuel with air 
to produce a rich mixture of hydrocarbon fuel and 
air, supplying the rich mixture of hydrocarbon fuel 
and air to a catalytic partial oxidation reaction zone 
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